Water scarcity leads to an increased use of reclaimed water, which in turn calls for an improvement in water reclamation procedures to ensure adequate quality of the final effluent. The presence of infectious Cryptosporidium oocysts (IOO) in reclaimed water is a health hazard for users of this resource. Here, we gathered information on Cryptosporidium (concentrations, infectivity and genotype) in order to perform quantitative microbial risk assessment (QMRA). Moreover, data concerning the spores of sulphite-reducing clostridia (SRC) were used to undertake QMRA at a screening level. Our results show that the probability of infection (PI) by Cryptosporidium depends on the tertiary treatment type. The mean PI using the exponential dose-response model was 3.69 × 10 À6 in tertiary effluents (TE) treated with UV light, whereas it was 3 log 10 units higher, 1.89 × 10 À3 , in TE not treated with this disinfection method. With the β-Poisson model, the mean PI was 1.56 × 10 À4 in UV-treated TE and 2 log 10 units higher, 4.37 × 10 À2 , in TE not treated with UV. The use of SRC to perform QMRA of Cryptosporidium showed higher PI than when using directly IOO data. This observation suggests the former technique is a conservative method of QMRA.
INTRODUCTION
Water reclamation is a new and sustainable process that pro- Here we performed direct QMRA related to the presence of Cryptosporidium in TE samples treated with UV light and samples not treated thus. For this purpose we examined the following: (i) Cryptosporidium oocyst occurrence; (ii) Cryptosporidium inactivation with the different tertiary treatments studied; and (iii) genotype identification data. Finally, we performed indirect QMRA at a screening level using the relationship between SRC and Cryptosporidium in reclaimed water.
MATERIALS AND METHODS

Collection of samples and sampling sites
Samples of raw wastewater (RW), secondary effluent (SE) and TE from seven wastewater treatment plants (WWTPs) were taken in order to: (i) monitor the concentrations of total and infectious oocysts (TOO and IOO) throughout the treatment process; (ii) assess the efficiency of tertiary treatments in inactivating infectious oocysts; (iii) study the relationship between SRC and Cryptosporidium oocysts; (iv) identify the genotype of the oocysts; and (v) perform QMRA analyses directly with Cryptosporidium data or with SRC concentrations, ratios or reductions.
The WWTPs were located in three provinces of Catalonia (Spain). The population served by these plants varied from 6000 to 1,093,000 inhabitants. All of them used biological processes plus sedimentation as secondary treatment and five of them produced reclaimed water. Tertiary treatments had multiple barrier systems for water reclamation purposes, including: coagulation-flocculation, sand filtration or microfiltration; and combined disinfection steps with UV treatment (dose ranged from 18 to 80 mJ/cm 2 ) and/or chlorination (1-5 ppm). Reclaimed water from these plants was used for a number of purposes, such as golf course irrigation, environmental restoration (aquifer recharge, maintenance of water environment to prevent sea water intrusion), public garden irrigation and other non-potable urban uses.
Detection of Cryptosporidium oocysts and SRC
Total Cryptosporidium oocyst concentration and elution
A range of sample volumes were taken depending on the turbidity of the sample. Volumes ranged from 0.05 to 1 L for RW, 0.5 to 3 L for SE and 10 to 100 L for TE. Samples were processed as described by Montemayor et al. () , with minor modifications and following USEPA guidelines (). Briefly, water samples were filtered through a 160-μm and a 38-μm sieve to remove large particles before concentration. The elution step of RW and SE samples was performed twice to improve the recovery efficiency of the filtration.
Oocysts purification
Oocysts were purified using immunomagnetic separation with a Dynabeads Anti-Cryptosporidium kit (Dynal, A.S., (iii) two sample washing -centrifugation steps with PBS to ensure pH neutralisation; and (iv) homogenisation of the final volume, which was then divided equally into tubes and stored at 4 W C for further analyses (detection, infectivity assay or genotype identification).
Detection of Cryptosporidium oocysts by laser scanning cytometry
Cryptosporidium oocysts were stained with anti-Cryptosporidium EasyStain™ antibody following the manufacturer's instructions and examined by laser scanning cytometry, as described in Montemayor et al. () .
Infectivity assay
Infectivity assays were performed by inoculating an aliquot of the purified oocysts in a HCT8 cell monolayer to detect infectious oocysts, using the focus detection method as 
SRC detection
SRC were cultured in SPS agar medium following the procedure described by Bufton () and were then incubated for 20 ± 4 h at 44 W C.
Quantitative microbial risk assessment
QMRA was performed to assess the risk associated with
Cryptosporidium as a result of accidental ingestion of reclaimed water produced in each reclamation plant. Moreover, a possible failure of UV disinfection was considered.
Such a failure would lead to reclaimed water being disinfected only with chlorine rather than with the combination of chlorine and UV irradiation. In addition, a single (one ingestion of reclaimed water) and a cumulative (more than one ingestion) PI were determined. Risk of infection by Cryptosporidium was calculated using the exponential model described by Haas et al. () and the β-Poisson doseresponse model based on data published by Chappell et al.
() and optimised by Enger (). @RISK software version 5.5 (Palisade Corporation) was used to perform QMRA.
Statistical analyses
Statgraphics Plus software version 5.1 (Statistical Graphics Corporation, Herndon, VA, USA) was used for statistical analyses. A p-value <0.05 was considered statistically significant. Results under the detection limit were taken as the value of the detection limit except when using the effective volume strategy (Parkhurst & Stern ) .
RESULTS AND DISCUSSION
Cryptosporidium and SRC concentrations and ratios along the treatment train
Cryptosporidium and SRC concentrations showed a significant reduction from influent wastewater to SE and from SE to TE (see Figure 1 ).
Cryptosporidium and SRC in RW ratios between SRC and TOO were the lowest (2.42 ± 0.87 log 10 units), whereas they were similar but higher between SRC and IOO (3.66 ± 0.75 log 10 units). This increment in the ratio with IOO suggests that tertiary treatments (probably disinfection processes) are more effective at decreasing oocyst infectivity than SRC viability.
UV treatment: effect on the inactivation of IOO and SRC Samples of TE were grouped depending on the tertiary treatment, namely with or without UV irradiation. 
where C is the concentration of Cryptosporidium (oocysts/L), n is the number of samples, OO i is the number of total or infectious oocysts detected in a given sample and V i is the volume (L) analysed in the given sample.
No IOO were detected out of 7,481 TOO in a total sample volume (V ) of 896.8 L from UV-treated samples.
On the other hand, in tertiary treatments without UV irradiation, 124 IOO were detected out of 1,088 TOO counted in a total sample volume of 345.6 L (V ). Furthermore, the percentage of positive samples was calculated in accordance to:
where INF is the infectivity percentage, n is the number of samples, IOO i is the number of infectious oocysts detected in a given sample and TOO is the number of total oocysts detected in the given sample.
Using Equation (2), TE samples subjected to UV irradiation showed 0.013% of infectivity while those samples not treated with this disinfection method registered 11.4% infectivity. When UV treatment was applied, Mean log 10 reductions of SRC were 1.49 ± 0.71 (SD) log 10 units when UV light was included in the tertiary treatment and 0.42 ± 0.69 log 10 units without this disinfection regime. IOO mean log 10 reductions were 1.73 ± 0.56 log 10 units with UV irradiation and 0.57 ± 0.59 log 10 units without. There were no significant differences between mean log 10 reductions of IOO and SRC in either case (with or without UV irradiation). In contrast, significantly higher reductions in IOO and SRC were detected when UV treatment was used compared to mean reductions without this disinfection procedure. These results indicate that SRC behave in a similar manner to IOO in the tertiary treatments studied here.
Genotype identification of the circulating Cryptosporidium oocysts
We analysed the genotypes of the purified oocysts in order to gather epidemiological data on Cryptosporidium in northeast Spain. Of the samples, 76% (31/41) were positive by the nested PCR-RFLP procedure and 87% of these showed RFLP profiles that belonged to C. hominis (two of them were mixed profiles of C. hominis and C. muris). Only two samples showed RFLP profiles belonging exclusively to
Cryptosporidium of animal origin: one sample had a 
QMRA analyses
The Cryptosporidium data gathered in this study were used to perform QMRA linked to the presence of Cryptosporidium in reclaimed water. The worst-case scenario was selected for the calculation, namely the accidental ingestion of reclaimed water. This scenario was chosen because one of the treatment plants studied has a distribution network of reclaimed water, which can be used for private purposes, and therefore there is a real risk of accidental ingestion. In addition, direct ingestion of reclaimed water is one of the simplest scenarios for risk assessment since there are fewer assumptions to consider (such as decay rates or time from release to consumption), thus, final results carry fewer uncertainties. Hazard was identified as the presence of IOO, and PI was calculated using Cryptosporidium concentrations in TE and also SRC data in SE and TE. 
Use of direct
where C is the PDF of concentration of IOO (IOO/L), R is the PDF of recovery percentage and V is the PDF of volume (L) per ingestion.
Single and multiple exposures were studied. It was considered that accidental ingestion of reclaimed water in a private-use scenario would be more likely to occur in the summer than in colder seasons. Therefore, the multiple exposure scenario was calculated on the basis of 12 exposures (one intake per week during 12 summer weeks).
C. hominis was chosen as the only genotype present in reclaimed water on the basis of our epidemiological results.
Furthermore, in the worst-case context, it was assumed that 100% of the population is susceptible to the disease (WHO ) and that the ratio of illness to infection is 1. Mean PIs by Cryptosporidium and 95% percentiles were calculated for each treatment plant (see Table 1 ).
The mean PI was 1 to 2 log 10 units higher with the β- Exponential dose-response model (Haas et al. 1996) . b β-Poisson dose-response model (Chappell et al. 2006; Enger 2011 units of SRC/100 mL) in SE samples, Ra SRC: IOO SE is the PDF of the ratio between SRC and IOO in SE (in log 10 units), and Red SRC SE-TE is the PDF of the reduction from SE to TE of SRC (in log 10 units).
There were no significant differences between true IOO concentrations in SE and estimated IOO concentrations with the SRC:IOO ratio in SE. However, we detected significant differences when true IOO concentrations in TE were compared to estimated IOO concentrations in TE (using SRC reductions from SE to TE). True IOO concentrations in this effluent were 0.6 log 10 units lower than the estimated concentrations.
(B) Using the concentrations of SRC in TE samples and the ratio between SRC and IOO in TE, the formula used to calculate the estimated IOO concentrations was:
where C SRCTE is the PDF of concentration of SRC (in log 10 units of SRC/100 mL) in TE samples and Ra SRC: IOO TE is the PDF of the ratio between SRC and IOO in the TE (in log 10 units).
There were no significant differences between true IOO concentrations in TE and estimated IOO concentrations with the SRC:IOO ratio in this effluent.
Using SRC data, mean PIs were 1 to 2 log 10 units higher than when Cryptosporidium was used directly depending on the model and on the method (see Table 2 ). The PI in treatment plant 1 calculated with approach A would meet the annual acceptable risk of infection of 1 × 10 À4 (USEPA ; WHO ). In contrast, using approach B, the PI would not meet this value. However, in treatment plant 1, no infectious oocysts were detected when UV irradiation was used for disinfection, despite the considerably higher concentrations of TOO (1.3 log 10 units of TOO/L). Therefore, these results suggest that the use of indicators to indirectly calculate the risk of infection by pathogens could be a conservative method for QMRA.
Nevertheless, there are a few facts that could limit the applicability of these approaches such as the variability in the reductions of SRC from SE to TE; that their use does not provide any epidemiological data for Cryptosporidium, which is an important issue in terms of health risks and the fact that the presence of SRC does not imply the presence of Cryptosporidium. Thus, these results justify further research to achieve more reliable risk assessment of Cryptosporidium using SRC data and to determine the proper circumstances to apply it.
To sum up, when treatment plants were studied separately, great differences (3 log 10 units) in the PI were observed, even when the plants used the same disinfection treatment. This finding is not surprising because they are located in different geographic areas, and Cryptosporidium concentrations in influent water as well as in reclaimed water varied significantly from one plant to another (data not shown). Moreover, a theoretical outage of the UV lamps in a treatment plant could have serious consequences regarding the risk of Cryptosporidium infection. In fact, risk of infection in plants that do not apply UV treatment would not meet the limit of less than one infection per 10,000 people per year (1 × 10 À4 ). However, this limit is only a reference value for drinking water, and some authors have considered it overly restrictive (Haas et al. ) . Moreover, all the assumptions for the QMRA made in the present study were highly conservative. Exponential dose-response model (Haas et al. 1996) . b β-Poisson dose-response model (Chappell et al. 2006; Enger 2011 
CONCLUSIONS
C. hominis family IbA10G2R2 is the most common circulating genotype in the study area. The WWTPs studied achieved a significant reduction of Cryptosporidium oocysts through treatment. In fact, the highest reductions of IOO were obtained when UV light was included in tertiary treatments. Accordingly, the mean PIs associated with
Cryptosporidium were 3 log 10 units lower when UV light was applied for disinfection purposes, regardless of the dose-response model used. Thus, multiple barrier tertiary treatments using UV disinfection, in combination with other processes, can better guarantee reclaimed water quality. Moreover, QMRA analyses performed with SRC data (concentrations, ratios and reductions) resulted in higher mean PIs in a treatment where no infectious oocysts were ever detected. Therefore, the use of indicators in QMRA could be a conservative method for risk calculation.
